Ricinus communis L. plants were grown in nutrient solutions in which N was supplied as N03-or NH4', the solutions being maintained at pH 5.5. In N03--fed plants excess nutrient anion over cation uptake was equivalent to net OH-efflux, and the total charge from N03-and S042-reduction equated to the sum of organic anion accumulation plus net OHefflux. In NH4+-fed plants a large H+ eMux was recorded in close agreement with excess cation over anion uptake. This H + efMux equated to the sum of net cation (NH4+ minus SO42-) assimilation plus organic anion accumulation. In vivo nitrate reductase assays revealed that the roots may have the capacity to reduce just under half of the total NO3-that is taken up and reduced in NO3--fed plants. Organic anion concentration in these plants was much higher in the shoots than in the roots. In NH4+-fed plants absorbed NH4+ was almost exclusively assimilated in the roots. These plants were considerably lower in organic anions than NO3--fed plants, but had equal concentrations in shoots and roots. Xylem and phloem saps were collected from plants exposed to both N sources and analyzed for all major contributing ionic and nitrogenous compounds. The results obtained were used to assist in interpreting the ion uptake, assimilation, and accumulation data in terms of shoot/root pH regulation and cycling of nuttients.
It is well recognized that the pH of plant cells and of organelles is under strict biochemical control, with pH restricted to a narrow physiological range (26, 29, 33) . Since it is also well understood that large quantities of H+ or OH-can be produced in cells, it is clear that intracellular processes must occur either to neutralize or to remove these ions from the cell. When H+ or OH-are produced and retained in the cell, the control of intracellular pH is brought about largely by carboxylation or decarboxylation by a so-called biochemical pH stat mechanism proposed by Davies (8) , the most important pH stat involving malate (14, 17 tivates the NADP+-dependent malic enzyme so that malate is decarboxylated and pyruvate (with one carboxyl group) is formed, i.e. one carboxyl group is neutralized and the cytoplasmic pH is maintained.
The accumulation or degradation of organic acid anions in response to differential rates of cation or anion uptake by plant roots from simple non nitrogen containing salts, e.g. K2SO4 or CaCl2 is a reflection of this process of intracellular pH regulation. Excess cation uptake is associated with a corresponding net release of H+ into the medium, and thus an increase in cellular OH-which induces organic acid anion accumulation, especially malate, equivalent to the excess uptake of cations. The reverse is the case when anion uptake is greater than cation uptake (14, 18) .
The forms of N uptake and N assimilation are of especial importance in the formation of intracellular H + and OH -. In the case of cells supplied with NO3--N, the reduction of one NO3-results in the production of one OH- (21, 26) .
NO3-+ 8H+ + 8e > NH3 + 2H20 + OHThe same kind of reaction occurs when SO42-is reduced but is of less quantitative significance in charge transfer since much less S042-is assimilated than NO3-per unit of plant dry or fresh weight.
S042-+ 8H+ + 8e-SH2 + 2H20 + 20H-When NH4 + is the N source, assimilation leads to H + production.
NH4+ -* NH3 + H+
This extreme difference in behavior between NO3-and NH4+ assimilation in intracellular OH-or H + production accounts for the well known observation that concentrations of organic acid anions are almost always higher in NO3 --than in NH4 + -fed plants (1, 4, 15) . In the removal of H+ or OH-from the cell to the external medium associated with these two forms of N uptake and assimilation, electroneutrality is again maintained by a difference in the rates of uptake of cations and anions. A greater uptake of cations, including NH4 +, is associated with the net H + efflux characteristic of NH4+ nutrition, whereas the greater uptake of anions that usually occurs in NO3--fed plants is counterbalanced by an equivalent net OH-efflux (31, 32) .
In studies with intact tomato plants fed on NO3 we followed the fate of charge resulting from NO3-and SO42-assimilation in its distribution between net OH-efflux from the plant and organic acid anion accumulation within the plant (21) . This distribution pattern which showed a high proportion of the charge accounted for as organic acid anions in the upper plant parts was considered in relation to cation and anion uptake, distribution, and assimilation. In subsequent work the test plant was changed to Ricinus communis since samples of both xylem and phloem NITRATE AND AMMONIUM NUTRITION OF RICINUS COMMUNIS saps may be obtained from this species. We were therefore able to obtain long distance transport data in addition to those on nutrient uptake, distribution, and assimilation in plants supplied with NO3-as the source of N nutrition (20, 33) . The present paper extends these investigations in reporting an experiment in which ion upake and assimilation, and long distance solute transport were investigated in Ricinus plants grown in water culture and supplied with NO3 -or NH4+ from a nutrient medium maintained at pH 5.5.
MATERIALS AND METHODS
Plant Cultivation. Castor oil seeds (Ricinus communis L. var Gibsonii) were surface-sterilized with 5% H202 (v/v) for 3 min.
The disinfected seeds were then washed thoroughly with demineralized water and germinated in moist quartz sand at room temperature. On the appearance of the first leaves, 14 d after germination, the seedlings were transferred to aerated nutrient solutions held in two 150-L PVC tanks (surface, 130 dM2; total height, 15 cm), each tank supporting nine plants. The whole system was set up in a phytotron where the experimental conditions were: temperature, 18°C; dew point, 16°C; photoperiod, 16 h d-1; light intensity, 60 W m-2. For the first 6 d, the plants were grown in half-strength macronutrient solutions to prevent detrimental effects particularly in the plants receiving NH4+-N (2) . After this period, the plants were transferred to full-strength nutrient solutions. Two nutrient solutions were used, one containing only NO3-and the other only NH4+ as the form of nitrogen nutrition. The 'NO3-solution' consisted of: Ca(NO3)2, 2.0 mM; KNO3, 1.0 mM; K2SO4, 1.5 mM; KH2PO4, 1 (12) . The total sample was collected over a 3-h period using capillary tubes. After each sample collection during this 3-h period, the sap was stored in closed plastic vials to restrict evaporation. Immediately after the sampling period, the saps were weighed and stored at -20°C prior to analysis. Xylem sap was collected continuously over a 135-min period using Pasteur pipets after decapitating three plants about 4 The NO3--fed plants were somewhat greater in dry weight than the NH4+ plants (about 20% greater) and were not so darkgreen in color. They were also lower in total N concentration (by about 19%) and much lower in organic N (about 27% lower). Expressed on a basis of unit dry matter production the NO3 -fed plants took up substantially more cations, K+ (about 84%, more), Ca2+ (about 96% more), Mg2+ (about 48% more), and accumulated considerably more organic anions (C -A) (about 207% more) than the NH4+-fed plants. The corresponding uptake of inorganic anions was lower, H2PO4 (by about 13%), Cl-(by about 51%), SO42-(by about 47%). These results agree well with our own and other (1, 4) previous findings comparing NO3-and NH4+ nutrition.
The results in Table I are for the whole plant (i.e. the sum of leaves, petioles, stems, and roots) with all the major ions in uptake, accumulation, and efflux taken into account. It is therefore possible to compare predicted behavior with observed behavior for the two treatments in ion uptake and accumulation, and net OH-or net H+ efflux. In the NO3--fed plants the observed excess anion over cation uptake was equivalent to the net OH-(or HCO3-in the presence of respiratory CO2 from the root) efflux over the period of growth. 
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anion accumulation of 59.5 meq/100 g dry weight giving a total of 369.6 meq/100 g dry weight.
The distribution of yield and nutrients between shoots and roots in relation to the form of N nutrition is given in Table II . The proportion of the dry weight of shoots to roots was slightly greater in the NO3--fed plants. Regardless (2) , provided that N supply is adequate throughout (1) .
The ionic composition of the phloem saps is shown in Table  V . The pH of the sap ranged from 7.78 to 7.84 for both treatments indicating that the N source did not affect sap alkalinity. As has been noted previously by a number of authors (1, 2, 11, 22, 27, 30) there were particularly high concentrations of K+ and phosphate, and low concentrations of Ca2+ in the phloem. The ionic composition was not greatly influenced by the form of N nutrition. However, the sap from the NO3--fed plants was somewhat higher in K+ and as a consequence higher also in total cations than the sap from the NH4+ -fed plants. The from the NH4+-fed plants. About 48% of the N in the NO3-treatment was transported as NO3-, and the remainder mainly as glutamine. The much higher N concentration in the sap from the NH4+-fed plants was accounted for almost exclusively as organic N with glutamine making up 71%, and asparagine about 19% of the total N. The other amino acids were present in small but higher concentrations in the sap from the NO3--fed plants.
Since the amount of organic N was relatively lower in this treatment, these acids must play a greater role in the transport of organic N: 14% of organic N in NO3-sap, 3.4% of organic N in NH4+ sap. The very low concentration of NH4+ in the xylem sap from the NH4+-fed plants indicates that rapid NH4+ assimilation is occurring in the roots.
In the phloem sap the concentration of N was about 45% lower in the NO3-treatment than in the NH4+ treatment (Table VII) . For both forms of N nutrition glutamine, and to a lower extent asparagine, provided the main form of N transport. Again, in the NO3--fed plants the other amino acids played a qualitatively more important role in organic N transport: 6.5% of organic N in the NO3-treatment, 1.6% of organic N in the NH4+ treatment.
In both xylem and phloem saps, a good agreement was found between the sum of the determined nitrogenous compounds and the results of the total N determinations (Tables VI and VII), indicating that all major conributing compounds had been taken into account.
DISCUSSION
From the composition of the nutrient media and the number of times the media were renewed during the experiment, it can be calculated that for both the NO3-and the NH4+ treatment the N taken up by the plants was only about 20% of the total N supplied during growth. Percentage uptake figures of the same order may be obtained similarly for the other nutrients. It may thus be concluded that the results presented in Tables I and II represent ion uptake, assimilation, and accumulation in plants adequately supplied with nutrients throughout growth.
In this work we have used chemical analyses of xylem and phloem saps as indicators of long distance transport of nutrients, and we have related these observations to nutrient uptake and assimilation by intact plants. The xylem sap we collected was that released passively from decapitated plants under root pressure. It may have been preferable to obtain sap under suction by the so-called vacuum technique in which the suction tension exerted by the transpiring shoot is simulated. For N measurements at least, however, there seems little to choose between the two methods. Simpson et al. (28) observed in wheat plants that the concentration in the root pressure exudate was the same as that obtained when the flux of water was increased under suction of the roots. Similar findings have been made for the NO3-concentration in the xylem sap of sunflower plants (3) . The advantage of the bleeding sap method is the ease with which samples may be collected. It should also be remembered that the vacuum technique is not without limitations and sap obtained by this method may be released from compartments other than the xylem elements (3, 7) .
To obtain sap representative of the phloem is even more difficult than for the xylem. Several artifacts might arise in the cutting technique we used to obtain phloem sap from mature Ricinus plants. In particular, the presence of Ca2+ in the sap observed by us (Table V; 20, 33) and by other workers collecting phloem sap from Ricinus by this method (1, 2, 11, 22) might be the result of the Ca2+ from damaged tissue surfaces by exchange for example with K+ from the K+-rich phloem sap (1, 2, 11, 20, 22, 27, 30, 33) . Other possible artifacts are discussed by Pate (24) .
The chemical composition of xylem and phloem saps (Tables  IV-VII) are roughly within the values recorded by other workers (1, 2, 4, 11, 22, 27) . In agreement with Pate (24) we are of the view that xylem and phloem saps obtained by the methods described give a fairly reliable qualitative picture of the kinds and amounts of nutrients engaged in long distance transport. As such they may be used to assist in interpreting the ion uptake, assimilation, and accumulation data in Tables I and II. In considering the uptake of ions and their distribution in plants fed with NO3-as the form of N nutrition, the site of NO3- It is possible to use a variety of methods to estimate the fraction of the absorbed NO3-that is reduced in the shoot rather than in the roots. First, as a crude approximation, the results of the in vivo NRA assays in the NO3--fed plants (Table III) tentatively suggest that only 55% of the total NO3-reduction occurs in the shoot and that an appreciable potential for NO3-reduction is thus present in the roots. Since organic and total N and S follow a similar distribution pattern over shoot and roots (Table I) , organic S being of quantitative minor significance relative to organic N, a rough check on this figure may be made by comparing charge transfer from NO3-and SO42-reduction in the shoot with the organic anion accumulation. If it is assumed that all the charge of the organic anions in the shoot is derived from the charge from NO3-and SO42-reduction in situ-and this in accord with the low concentrations of organic anions in the xylem sap (Table IV) -then an approximate minimum figure for the percentage of the NO3-and SO42-assimilation in the shoot may be obtained. From Table I it can be seen that, on a dry weight basis, of the total charge from NO3-and SO42-assimilated (organic N + organic S) of 223.0 meq/100 g, accumulation of organic anions (C -A) in the whole plant accounted for 124.2 meq/100 g. Of this amount 84%, i.e. 104.3 meq was still present in the shoot (Table II) , which indicates that at least about 47% of the NO3-and S042-reduction occurs here. This percentage is likely to be higher and of the same order as that calculated from the NRA values since some of the organic anions will have transported away from the leaves in the phloem (Table V) .
Another rough indication of the contribution of the shoots to NO3-reduction may be calculated from the composition of the xylem sap (Table VI) . Of the total N concentration of 40.7 mM, the NO3-concentration was 19.4 mm, i.e. about 48% of the total NO3-reduction occurring in the shoot. There are of course serious limitations to this approach. In particular, it is unlikely that all the organic N in the sap has been derived from NO3-reduction in the root (34) . In agreement with the NRA figures the contribution of the shoot to the total NO3 reduction is therefore probably higher than the xylem sap analysis would suggest.
If it is assumed that about 55% of the NO3-is reduced in the shoot as indicated by the NRA values (Table III) This amount is very low compared to the figure of 102.6 for OHefflux (Table I ). It appears therefore that the recycling process as described by Ben Zioni et al. (5) is taking place in Ricinus fed with NO3-as the N source, but that the extent to which it occurs is much lower than previously reported (20) (Table I ). This may explain the higher concentrations of organic acid anions in the xylem sap from the NH4+-fed plants (Table IV) (Tables VI and VII) . In NO3--fed plants it is well established that reduction may occur in both roots and shoots, being dependent on a number of factors including the level of NO3 supply, plant species, and plant age (16, 21, 25) . Energy demand for NO3 reduction is high. When it occurs in the roots, carbohydrates must be transported from the shoot and this is one of the limiting factors in the capacity of roots to reduce NO3- (35) . It may appear that in our experiment this capacity was exceeded with NRA taking place in shoots and roots with consequent effects on the uptake and translocation of the different nutrient cations and anions.
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